Abstract: Data from several animal species and a few plant species indicate that small populations face an elevated risk of extinction. Plants are still underrepresented in these studies
Introduction
Destruction, fragmentation, and degradation of the environment often create small and isolated populations (Andrén 1994; Meffe & Carroll 1997) , and small populations are more prone to extinction than larger ones (Shaffer 1981; Schoener & Spiller 1992; Ouborg 1993; Lynch et al. 1995 ). An elevated risk of local extinction is connected to the fact that demographic, genetic, and environmental stochasticity affect small populations more severely than larger populations (Lande 1988; Ellstrand 1992; Primack 1993; Gomulkiewicz & Holt 1995; Groom 1998) . The role and significance of these stochastic events, however, vary greatly between taxa and populations. An association between small population size and an increased risk of extinction is more often reported for animals (Diamond 1984; Schoener & Spiller 1987 Pimm et al. 1988; Hanski et al. 1995) than for plants (Ouborg 1993; Newman & Pilson 1997) . Small and fragmented plant populations, however, are presumed less viable than larger ones because of related processes such as the loss of genetic polymorphism (Karron 1987; Raijmann et al. 1994) , inbreeding depression (Ellstrand & Elam 1993) , and reduced pollination success ( Jennersten & Nilsson 1993; Ågren 1996; Kearns & Inouye 1997) . Genetic, environmental, and management factors can also have combined effects on population viability that are not detectable if analyzed independently (Menges & Dolan 1998) .
In northern Europe, one group of plants exhibiting a dramatic decline in population numbers and size are species typical of seminatural grasslands. Their habitats have become scarce and isolated as a consequence of reforestation, transformation to arable fields, and cessation of hay making, grazing, and clearing by burning. In Finland as much as 25% of the plant species under threat have their optimal occurrence in seminatural grasslands such as meadows, pastures, and glades (Rassi et al. 1992) . These species suffer from shading and from competition by tall plants that invade habitats following changes in land use (Armesto & Pickett 1985; Zobel 1992) . Many grassland plants, however, have been able to move to alternative, open habitats, such as road and railway verges (Tikka et al. 2000) . These habitats may compensate for the isolation of remaining seminatural grasslands and enable their plant populations to form metapopulations in which species persist by moving from destroyed habitat patches to suitable patches nearby (Eriksson 1996) .
We conducted an extensive, multiyear survey of a rare, monocarpic grassland herb, the bellflower ( Campanula cervicaria L), in Finland. We sought to identify the reasons for its decline and to outline measures for its preservation. As a relatively short-lived, monocarpic species, C. cervicaria has a higher risk of population extinction than perennial or clonal plants (Fischer & Stöcklin 1997) . For grassland plants, habitat quality (i.e., openness) is important. We therefore tested the effects of shading by field-layer vegetation, shrubs, and trees on the performance of C. cervicaria populations. We studied the effects of population size and isolation on the short-and longer-term persistence of bellflower populations and tested the hypothesis that offspring fitness of individuals in small populations is lower than that of individuals in larger ones. The results of earlier studies on plant populations either support this prediction (Menges 1991; Heschel & Paige 1995 , Fischer & Matthies 1998 or contradict it (Widén 1993; Hauser & Loeschcke 1994; Ouborg & van Treuren 1995; Kunin 1997; Lammi et al. 1999) . Moreover, it is a matter of debate at what stage of the reproductive cycle possible effects on fitness are expressed (Widén 1993; Oostermeijer et al. 1994 a ; Waser & Price 1994) .
The main questions we addressed were as follows: (1) Is the persistence of populations related to population size or degree of isolation? (2) Is there any association between current population size and seed germination ability or the growth of seedlings? (3) Is there any association between former variations in population size and seed germination ability or the growth of seedlings? (4) Are population size, seed germination ability, or growth of seedlings related to the coverage of surrounding vegetation?
Methods

The Study Species
In the first summer after germination, C. cervicaria develops a rosette and in the second summer, or later, a flowering shoot. Its light blue flowers form groups in the axils and the end of its 30-to 150-cm-high stem. An average individual has a couple of dozen protandrous flowers that are usually pollinated by bumble bees ( Bombus spp) or syrphid flies (Syrphidae spp), and one flower produces on average 200-300 seeds (Nurmi 1980 (Nurmi , 1998 Eisto 1990 ). Spontaneous self-pollination occurs when the access of pollinators to flowers has been blocked, mente no es causada por una disminución en la habilidad de germinación o en la tasa de crecimiento, más bien, parece ser que las reducciones en el tamaño poblacional son debidas a lo cerrado de la vegetación en los hábitats.
but it results in a lower level of seed production than that achieved by insect pollination (Eisto 1990) . The origin of the species is in western Siberia. In Europe it occurs from the Mediterranean countries to Fennoscandia but is rare in southern Europe and already extinct in Denmark and Belgium (Hultén & Fries 1986) . In Finland the species is an archaeophyte (in that it arrived with prehistoric immigrating people). Germination of its seeds is dependent on light (Often 1999) , and it used to grow primarily in glades resulting from clearing by burning. These glades have returned to forest, so C. cervicaria now occurs in alternative open habitats such as meadows, abandoned fields, and grassland strips by road verges and under power lines (Ryttäri & Kettunen 1997; Nurmi 1998) . The species has regressed and has been classified as "near threatened" in Finland (Rassi et al. 1992; Kanerva et al. 1998 ).
Location of Populations and Estimation of Population Sizes
The C. cervicaria populations we studied were situated in the region of central Finland (lat 62 Њ N, long 24 Њ E) where information on former distribution of the species was available. In the first phase of our study, we compiled records of the occurrence (within the last 50 years) of C. cervicaria from regional and local authorities, nature conservation associations, and local botanists. We also used herbarium records and published reports (for details, see Välivaara et al. [1991] ). We surveyed all recorded C. cervicaria habitats in the field during the summers of 1987-1989 and, using field maps (scale 1:20 000), searched for sites that might be suitable for C. cervicaria. We located 52 flowering bellflower populations. We considered that plants belonged to separate populations if the distance between them was Ͼ 100 m. Most of the bellflower populations occurred on disturbed habitats such as road and railway verges ( n ϭ 40), hereafter called roadside populations. The remainder of the populations ( n ϭ 12) were found in abandoned fields, powerline corridors, and dry meadows, hereafter called meadow populations. Each of these populations was reexamined in 1995.
We determined population size as the number of flowering, fertile individuals. The number of fertile plants does not indicate the exact population size because populations always also include sterile rosettes. The abundance of fertile individuals, however, serves as a good indicator of the population's viability. Fertile plants were counted exactly. The number of fertile plants at the first population check from 1987 to 1989 is referred to as the initial population size. We found 43 of the 52 populations already in the first study year of 1987, and these 43 populations were surveyed annually to determine shortterm population changes during [1987] [1988] [1989] . Longerterm change in population size for all the 52 populations was measured as the difference between the initial population size and the population size in 1995. We measured the degree of isolation of each population as the distance to the nearest known population. The size of the nearest population was also determined.
Variations in Population Size, Germination Ability, and Growth Rate
For the second part of this study, we counted fertile plants in 26 easily accessible C. cervicaria populations from 1996 to 1998. Of these populations, 18 had already been included in [1987] [1988] [1989] , and the rest were found later in connection with field studies. We calculated the current population size for each of the 26 populations as the mean of population sizes between 1995 and 1998. Because large variations in population size decrease effective population size, presumably affecting reproductive success (Primack 1993; Frankham 1995) , we also studied the long-term variation of populations. To do this, we calculated the average population size in the 1980s for each population (the mean size in [1987] [1988] [1989] , average population size during the entire period (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) , and the relative range, indicated as a percentage of the maximum population size during the entire period ([maximum Ϫ minimum] ϫ 100/maximum).
We collected seeds from the 26 populations in September 1996. In 2 populations, however, seeds were unripe and had to be excluded, so we had usable seeds from 24 populations. In 1997 only 19 of the populations had fertile individuals, and their seeds were collected in October. After collection, the seeds were stored in a cold room at 5 Њ C for 4 months. To determine the germination ability of seeds after cold stratification, we placed 50 seeds collected from one naturally pollinated plant per population on moistened paper in petri dishes. To achieve comparability between populations, we chose to use seeds from one completely randomly selected plant per population in all germinations and raisings of seedlings because the smallest populations had only a single fertile individual. In 1996 the seeds were germinated at 20 Њ C under an 80-W/m 2 light regime of 12 hours light/12 hours dark for 4 weeks. To stimulate germination, in 1997 we changed the conditions as follows: 22 Њ C with 380-W/m 2 light (12 hours light/12 hours dark). After 4 weeks, we calculated germination percentages using the emergence of cotyledons as a sign of germination. To achieve a bit wider figure of germination ability, we also calculated the germination percentage by population as the mean of the values obtained in 1996 and 1997. In 1997 we weighed 50 randomly chosen seeds from each population to study the relationships between seed weight and population size, germination percentage, and seedling weight.
To compare the growth of seedlings between populations, 10 seedlings from each population were grown at 22 Њ C for 8 weeks in both 1996 and 1997. During this Conservation Biology Volume 14, No. 5, October 2000 time, they received 380-W/m 2 light for 12 hours per day. Five to 10 seeds were sown per pot (diameter 2 cm) in two 38 ϫ 60 ϫ 7.5 cm boxes. The boxes were covered with plastic to hold the moisture in, and the seedlings were watered daily. If more than one seedling per pot emerged, extra seedlings were removed randomly after 2 weeks. The soil was a mixture of fertilized compost (Vapo, Inc.) and vermiculite (Vermipu, Inc.) in a 2:1 ratio. After 8 weeks the seedlings were harvested to determine their aboveground biomass. Before weighing, the seedlings were dried in an oven at 70 Њ C for 48 hours. In addition to determining the biomass per population separately in both years, we also took the average seedling biomass for each population as the mean of the values obtained in 1996 and 1997.
Vegetation Analyses
To evaluate the influence of co-occurring vegetation on the performance of C. cervicaria , we chose 23 of the 26 populations for vegetation analyses in 1998. (We excluded the 3 populations that seemed to be temporary, being occupied only 1 or 2 years.) We drew a straight line at random across the populations and marked five quadrats (1 ϫ 1 m) at equal intervals along the line. We then made a visual estimate of the percent coverage of all the vascular plant species growing in each square and the canopy coverage resulting from the trees and shrubs that shaded the quadrats. We summed the coverage of each vascular plant species in each quadrat to determine the total coverage of field-layer vegetation. We used the mean of the total coverages obtained from the five quadrats as a measure of field-layer coverage and of tree and shrub canopy coverage in each population.
Data Analysis
The numbers of populations used for different measurements and analyses are summarized in Table 1 . The values of initial population size (in 1987-1989) and population size in 1995, the size of the nearest neighboring population, and the distance between the neighboring populations were log 10 -transformed for a logistic regression analysis. We used this analysis to test whether the initial population size, the degree of isolation, the size of the nearest population, and the habitat type (roadside or meadow) affected the persistence of populations (binary dependent variable: no fertile plants, 1; fertile plants present, 0). The change in population size from the 1980s to 1995 was tested with a paired t test. Difference in germination ability between 1996 and 1997 was tested with a Wilcoxon test and difference in seedling growth with a paired t test. Spearman rank correlation was used to test the associations between germination percentage, seedling biomass, coverage of surrounding vegetation, and the variables related to population size and variation. All the analyses were performed with SPSS for Windows (Version 7.5).
Results
Population Persistence and Variation of Population Size
The initial sizes of the 52 bellflower populations ranged from 1 to 240 fertile plants. In almost half the populations the initial size was Յ 5 fertile plants. Annual monitoring of 43 of the 52 populations for short-term persistence revealed that 16 populations had lost all their fertile plants by 1989. The proportion of populations losing every fertile individual was greatest in the smallest populations of 5 or fewer plants (Fig. 1a) . The number of fertile plants in 1995 was positively correlated with initial population size ( r s ϭ 0.58, n ϭ 52, p Ͻ 0.001). By 1995, however, the average population size had decreased. The mean number of fertile individuals had dropped from 23.6 (SD ϭ 40.6) to 13.6 (SD ϭ 41.1) ( t ϭ 3.81, df ϭ 51, p ϭ 0.001). Of the 52 populations, 44 had fewer fertile plants than initially (Fig. 2) . Moreover, nearly half the populations (24 out of 52) had lost all fertile individuals within these 8 years, and the proportion of losses was once again highest in the smallest populations (Fig. 1b) . On the other hand, 6 of the populations that had lost all fertile individuals during the period 1987-1989 had 1-3 fertile plants in 1995.
The minimum distance between two known populations varied from 100 m to 22 km. According to the logistic regression model, the probability of losing all fertile plants was influenced only by the initial population size ( Table 2 ). The effects of distance to the nearest population, the number of fertile individuals in the nearest population, and the habitat type were insignificant. According to the logistic regression model based solely on initial population size ( 2 ϭ 5.69, df ϭ 1, p ϭ 0.017), the risk of losing all fertile individuals within 8 years was over 50% for bellflower populations with Յ 5 fertile plants. On the other hand, the probability of population size falling to zero in populations with 100 or more fertile individuals was predicted as Ͻ 20% ( Fig.  3 ; based on data in Fig. 2) . The mean numbers of fertile individuals in the set of populations studied between 1995 and 1998 ( n ϭ 26) ranged from 0.5 to 133.8, with an average of 25.5 (SD ϭ 31.9). Interestingly, the mean size for these populations from the whole study period (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) and the relative range of population size were negatively correlated ( r s ϭ Ϫ 0.50, n ϭ 26, p ϭ 0.01); variation in population size, indicating demographic stochasticity, was greatest in the smallest populations.
Seed Germination, Growth of Seedlings, and Habitat Quality
The mean seed germination percentage was 14.0% (SD ϭ 27.9) in 1996 and 64.3% (SD ϭ 38.7) in 1997; the difference between the years was significant ( t ϭ Ϫ 3.23, n ϭ 17, p ϭ 0.001). Germination ability in both years was uncorrelated with population size of the year ( p Ͼ 0.05). Similarly, mean germination percentage over the 2 years was unrelated to the current population size, taken as the mean in 1995-1998 (r s ϭ Ϫ0.23, n ϭ 17, p ϭ 0.38). The average seedling biomasses did not differ in the 2 years (t ϭ Ϫ1.27, df ϭ 14, p ϭ 0.226), and seedling biomass was uncorrelated with population size in both years ( p Ͼ 0.05). The mean seedling biomass over 1996-1997, however, was negatively associated with the current population size (r s ϭ Ϫ0.56, n ϭ 15, p ϭ 0.028). The mean germination percentage and mean seedling biomass were not correlated with each other (r s ϭ 0.32, n ϭ 15, p ϭ 0.24). Seed bio- When testing for the effect of variations in population size on seed germination, we found that the average germination percentage was unrelated to the average population size in the 1980s (r s ϭ Ϫ0.04, n ϭ 12, p ϭ 0.91) or to the relative range of population size (r s ϭ Ϫ0.18, n ϭ 17, p ϭ 0.49). The average seedling biomass was also unaffected by these variables ( p Ͼ 0.05).
The correlations between average germination percentage and total coverage of field-layer vegetation (r s ϭ 0.19, n ϭ 17, p ϭ 0.47), as well as the coverage of tree and shrub canopies (r s ϭ Ϫ0.04, n ϭ 17, p ϭ 0.88), were not statistically significant. Even though current population size was independent of coverage by fieldlayer vegetation (r s ϭ Ϫ0.21, n ϭ 23, p ϭ 0.33), it was negatively related to canopy coverage by trees and shrubs (r s ϭ Ϫ0.47, n ϭ 23, p ϭ 0.024; Fig. 4) . The longterm change in population size was not correlated with either field layer or canopy coverage ( p Ͼ 0.05).
Discussion
Our results indicate that the studied C. cervicaria populations are in a state of general decline and that the risk of losing all fertile individuals increases with decreasing population size. We detected no change, however, in the levels of risk as a function of distance to the nearest population (i.e., geographic isolation) or the size of the nearest population. Ouborg (1993) previously compared changes in population size among natural populations of several vascular plant species. He found that the populations of most of the species that became extinct during a 30-year study period were relatively small and far from the nearest neighboring population. As far as population size is concerned, our results with bellflowers are in line with Ouborg's (1993) findings and suggest a decreased persistence among small populations. The lack of isolation effect in our study is not, however, an adequate indicator of the presence or lack of interaction between the bellflower populations. Geographic distances are not even necessarily correlates of genetic distances between populations (Godt et al. 1996; Lammi et al. 1999) . More accurate regional studies on migration, extinction, and colonization are needed to assess whether our bellflower populations are really isolated or whether they form metapopulations in which the performance and persistence of populations are dependent on one another (Husband & Barrett 1996) .
A few of the smallest bellflower populations (size Յ5) that had lost all fertile plants in [1987] [1988] [1989] were flowering once again in 1995. This observation proves that bellflower populations can persist even through a temporary loss of fertile plants. Populations can recover from sterile rosettes or, alternatively, from a subterranean seed bank, but viable seed banks of C. cervicaria have been shown to be sparse or patchy (Often 1999) . Even though the relative importance of sterile rosettes and seed banks in the recovery of bellflower populations is unclear, they both explain the otherwise counter-intuitive result that a larger proportion of the smallest populations lost all their fertile plants in the short term rather than in the longer term.
In our study, the early life stages of C. cervicaria did not suffer from lowered viability in populations that were currently small or greatly variable in size. Rather, the progeny of individuals from small populations germinated and grew at least as well as those of larger populations. C. cervicaria is primarily an outcrossing species, and in outcrossers genetic problems resulting from small population size become apparent most often in seed production and growth or reproduction (Husband & Schemske 1996) . None of the measured fitness components in our study-seed yield, germination, and growth-showed reduction with decreasing population size, thus suggesting a lack of serious inbreeding depression. But the possibility of genetic deterioration cannot be reliably excluded without more profound studies covering entire life cycles of plants from different-sized populations.
Even though the fitness components measured in our bellflowers showed no decrease in small populations, the probability of pollinator limitation and consequently the risk of self-pollination increases when there are individuals few in number or sparsely spaced (e.g., Barrett & Kohn 1991; Jennersten & Nilsson 1993; Ågren 1996; Kunin 1997) . Low levels of seed production after self-pollination have often been documented (Sakai et al. 1989; Montalvo 1994) . Because the number of seeds produced by self-pollinated bellflowers is only one-fourth of those pollinated by insects (Eisto 1990 ), small and self-pollinating populations face an increased risk of failing to produce new individuals. Stochasticity of pollination may thus be one explanation for the decreasing sizes of small populations.
Another explanation is connected to habitat quality. The size of bellflower populations tended to be larger on open sites than under a dense tree and shrub canopy. This is a normal phenomenon in species that have their optimal occurrence on open habitats. Populations of Gentiana pneumonanthe, for example, become senile-with few generative individuals-as the vegetation structure closes (Oostermeijer et al. 1994b) . Canopy coverage in their natural habitats had no effect on percentage of seed germination or growth of C. cervicaria in greenhouse conditions. A large amount of shade therefore appears to be an external factor that deterministically reduces survival of bellflowers, regardless of the potential viability of the plants. Seeds of the light-demanding C. cervicaria may not germinate at all under heavy shade, or plants may die before flowering. Even though coverage by fieldlayer vegetation was not related to any of the variables in our data, a study by Syrjäsuo (1997) showed that disruption of the surrounding vegetation affects the development of C. cervicaria. Removing competing plants and breaking up the soil accelerated growth and flowering compared with sites where the surrounding vegetation was only mowed or not treated at all. Also, mowing three times in summer had some positive effects in comparison to untreated plots. Landscape change with closing vegetation structure thus seems to be one of the main reasons for the steady decrease in population sizes of C. cervicaria.
Even though our results suggest that external factors have a greater role than genetic deterioration in the decline of bellflowers, theories of population genetics usually deal with populations of ideal size (Ellstrand & Elam 1993) . In small populations (Ͻ100 individuals), genetic drift may cause totally unpredictable fluctuations in gene frequencies (Barrett & Kohn 1991) and have unpredictable consequences for plant performance. In some earlier studies, populations with Ͻ100 individuals have been deemed small (Heschel & Paige 1995; Ouborg & van Treuren 1995; Godt et al. 1996) or 150 (Menges 1991 ). Our C. cervicaria populations typically consisted of only a couple of dozen fertile plants. All the studied populations may therefore be so small that the genetic effects of small population size are approximately equal in all of them. Shaffer (1987) suggests that in very small populations demographic uncertainty is a more probable cause of extinctions than genetic problems. This theory is supported by our results: changes in population size, which indicate demographic stochasticity, were greatest in the smallest of these small bellflower populations.
Implications for Conservation
Geographic isolation at its present scale seems not to be a threat to the persistence of C. cervicaria populations. Population size appears to be a more critical factor; demographic stochasticity affects small populations most severely, often leading to loss of all fertile plants. Nevertheless, even the smallest populations are able to maintain seed yield, germination ability, and seedling growth comparable to those in larger populations, thus showing no immediate signs of inbreeding depression. Lesica and Allendorf (1992) argue that small populations occasionally subjected to stress lose genetic variation more slowly than similar populations in benign environments. Undoubtedly, the roadside populations of C. cervicaria face occasional stress, such as intensive mowing, dust deposits, and salt spills from roads. The presence of these stress factors, helping to maintain genetic diversity, may be one explanation for the lack of reduced fitness in small populations.
The ability of geographically isolated and currently small plant populations to maintain highly viable individuals is a positive phenomenon in the field of conservation biology. Possibilities for conserving such populations appear to be good. Critical to the persistence of our bellflower populations is maintenance of adequate population sizes and an increase in the size of the smallest populations through suitable management. Similar to other grassland species (e.g., Oostermeijer et al. 1994b) , C. cervicaria suffers from shading by closing vegetation. Therefore, it could be successfully preserved by the creation and maintenance of networks of open, spacious, and colonizable habitats. Because intensifying use of seminatural meadows and pastures is improbable, it might be reasonable to concentrate management efforts on the species' most common habitat type: road and railway sides that also support a number of other grassland plants. Road verges should be kept open, but mowing and control of shrubs should be performed only after the species has shed its seeds (Ryttäri & Kettunen 1997) . Sowing or planting in suitable habitats might also yield encouraging results.
